The effects of four levels of dietary threonine (Thr) on growth performance, N retention and structure of the small intestine were studied in pigs from 13 to 22 kg of body weight (BW). Four diets were formulated to contain 6.46, 7.43, 8.37 and 9.32 g Thr. Each diet was fed to six pigs for 19 days and N balance was determined at 15 kg BW. Tissue samples of the small intestine were taken for histological and histochemical measurements. In pigs fed Thr-deficient diet, N retention (g per day) was lower than on diets containing 7.43 and 9.32 g Thr per kg. Tunica mucosa thickness and number of goblet cells (in villi and/or in crypts) containing neutral mucins were smaller on Thrdeficient diet than on other diets. It can be assumed that the level of dietary Thr amounting about 7.4 g per kg covers the requirement of piglets from 10 to 25 kg for rapid growth and maximal N retention as well as for supporting gut barrier function.
INTRODUCTION
Threonine (Thr) is often the second or third limiting amino acid (AA) in cereal-based diets for pigs. Variations exist among the reported requirements of Thr for young pigs (13-22 kg); they range from 0.63 to 0.74% of a diet (Saldana et al., 1994; NRC, 1998; GfE, 2006) . These variations may result from pig genotype, feeding level, diet composition and experimental conditions. In comparison with the other essential AA, Thr requirement for maintenance is high (Fuller et al., 1989) and this may be explained by special functions of Thr in the intestine. It was found that the intestine utilize about 60% of dietary Thr (Bertolo et al., 1998; Stoll et al., 1998) . This AA is incorporated in the intestine proteins which are mostly secreted into the lumen (Le Floc'h and Séve, 2005; Schaart et al., 2005) . Deficiency or excess of Thr reduces the synthesis of intestinal mucosal protein and mucins as well as muscle protein in weaned pigs (Wang et al., 2007) . In piglets fed on Thr-deficient diet symptoms of diarrhoea and decreased mucosa weight were recorded (Wang et al., 2007) .
The intestinal epithelium is protected against bacterial, chemical and mechanical injures by mucous layer, which is composed mainly of mucins secreted by goblet cells (GC) . Mucins are classified into acidic and neutral types. Their proportions vary along the gut. An optimal protection of epithelium depends on both quantitative (thickness) and qualitative properties of mucins. Acidic mucins increase the resistance of mucus against bacterial enzymes (Deplancke and Gaskins, 2001) . The increase in GC number in the small intestinal villi may potentially increase the mucin secretion capacity of the mucosa and consequently improve gut health. All mucins are rich in serine, proline and particularly in Thr. Mucin protein is very resistant to digestion in the small intestine and ileal endogenous losses of Thr are high.
In pigs, threonine dehydrogenase (TDG) is one of three enzymes involved in Thr catabolism. Activity of this enzyme was found in the liver and pancreas, but not in the intestine (Le Floc'h et al., 1997; Le Floc'h and Séve, 2005) .
The aim of the study was to investigate the effect of increasing dietary Thr level on performance, N retention, morphology and goblet cell types in the small intestine, and TDG activity in the liver and pancreas of young pigs with a high lean gain potential.
MATERIAL AND METHODS

Animals and feeding
The experiment was conducted on twenty four male pigs (synthetic line 990). They were housed individually in metabolism cages with a slatted floor in an environmentally controlled room (22-23ºC) with ad libitum access to water. The experiment was approved by the Local Animal Care Committee.
Pigs were allocated to four groups (six pigs each) taking body weight (BW), age and litters into account. For seven days the pigs were allowed to adapt to the cages and were fed a starter diet with daily incremental additions of the test diets. Equal amounts of diets were given three times daily at 08.00, 14.00, and 20.00, after mixing with water (1:1). Pigs (initially about 12.8 kg BW) were fed experimental diets for 19 days. Four experimental diets without antibiotics were formulated: one unsupplemented, Thr-deficient and three diets supplemented with crystalline Thr. Diets contained 6.46, 7.43, 8.37 and 9 .32 g Thr per kg. All diets contained 14.4 MJ ME and 13.46 g lysine per kg. Composition of Thr-deficient diet is given in Table  1 . The diets were supplemented with crystalline lysine, methionine, tryptophan and valine to cover the AA requirement (except of Thr) of pigs. 
Experimental procedure
At a mean BW of approximately 15 kg, N balance was performed during 14-d period. The daily dietary allowance was provided at a rate of about 5% of BW, and was kept constant during the last nine days of N balance period. Daily N intake was the same in all groups (25.7 g). Faeces and urine were collected during six days according to Buraczewska et al. (2006) . Average daily gain (ADG) and feed:gain ratio (F/G) were measured. Feeding experimental diets was continued till slaughter.
After slaughter at about 22.0 kg of BW, the entire gastrointestinal tract was immediately removed and the small intestine dissected into the duodenum, jejunum and ileum. After rinsing with cool 0.9% NaCl solution, the intestinal segments were weighted and tissue samples were taken from their middle parts for histological and histochemical measurements. Liver and pancreas were weighed and samples were stored at -80ºC until determination of TDG activity.
Chemical and histological analyses
Dry matter in ingredients and diets and nitrogen (N) in ingredients, diets, digesta, faeces and urine were analysed using standard methods (AOAC, 1990) . Amino acid analyses of ingredients and Thr-deficient diet were performed with the Beckman high pressure AA analyzer System Gold (Beckman Instruments, Inc. Fullerton, CA, USA) using modified procedures according to Buraczewska and Buraczewski (1984) . Tissue samples for histological and histochemical analyses were placed in Bouin's solution, dehydrated and infiltrated with paraffin wax. Two slides were prepared from each sample, and each slide contained minimum of three sections cut at 5 µm. Sections were stained with haematoxylin and eosin. The parameters determined were as follows: villous height, crypt depth, villous length to crypt depth ratio, thickness of tunica mucosa and myenteron, and villous surface area. The measurements of villous length and crypt depth were made on 30 well-oriented villi and 30 corresponding crypts. For the histochemical evaluation of gut mucins, other representative sections were stained with Alcian blue pH 2.5 (AB 2.5) for the demonstration of acidic mucins and with periodic acid-Schiff base (PAS) for identification of neutral mucins. Goblet cells in the intestinal mucosa stained with AB 2.5 and PAS were counted in 10 well-oriented villi and 10 corresponding crypts. All measurements of the stained sections were performed using the light microscope (zeiss type Axiostar Plus with Axio Vision LE Rel 4.5 software) with 10 x or 5 x objective. Threonine dehydrogenase activity was determined by the method described by Simpson (1998) .
Calculations and statistical analysis
Metabolizable energy value of diets was calculated as a sum of energy of dietary components. Nitrogen retention was calculated as: N intake -(faecal N output + urinary N output).
Results were expressed as the means of six pigs. Data were statistically evaluated using Statistica 8.0 PL (Stat Soft, 1997) with one-way ANOVA followed by the Tuckey post-hoc test or one-way Kruskal-Wallis ANOVA followed by the Mann-Whitney test.
RESULTS
Growth performance and N retention
No significant effect of increasing Thr level on ADG and F/G was observed (Table 2) , however numerically lower ADG (469 vs 477-489 g) and higher F/G (1.65 vs 1.58-1.63) were found in pigs fed Thr-unsupplemented diet, as compared with other groups. Results of N balance are shown in Table 3 . Significant decrease in N retention, expressed in g per day, was found in pigs fed Thr-deficient diet as compared with diets containing 7.43 and 9.32 g Thr per kg (P<0.05). However, significant difference in N retention, expressed as a percentage of daily N intake, was observed only between pigs fed diets containing 6.46 and 9.32 g Thr per kg (P<0.05). 
Morphology of the small intestine
Experimental diets had no effect on weight of the segments of the small intestine (data not shown), while they modified their morphometry (Table 4) . Villi length differed only between pigs fed Thr-deficient diet and Thrsupplemented diets and was the lowest in the duodenum (P<0.001) and highest in the mid-jejunum (P<0.05). Level of supplementation did not affect villi length in either segment under study. Both, crypt depth and villi length to crypt depth ratio differed between the groups in the duodenum and ileum in an irregular way. In all segments, tunica mucosa thickness was significantly smaller (P<0.001) in pigs fed Thr-deficient diet compared with groups fed higher Thr levels. The myenteron thickness was also affected and in pigs fed Thr-deficient diet was significantly bigger (P<0.001) in the duodenum and smaller (P<0.001) in the mid-jejunum and ileum. In all groups, some changes were also observed in villi surface area, however, the differences were small and were not influenced by Thr level.
Goblet cells number in the small intestine
The number of GC containing acidic and neutral mucins in three segments of the small intestine are presented in Table 5 . Dietary Thr level differently affected number of GC in particular segments. In the duodenum, comparatively lower (P<0.01) number of GC containing neutral mucins were observed in crypts after feeding two diets with lower Thr level and lower (P<0.01) number of GC containing acidic mucins in villi after feeding diet containing 7.43 g Thr per kg. In the mid-jejunum, both the lowest and the highest Thr level decreased (P<0.001) number of neutral type GC in villi (P<0.01) and number of acidic type GC in crypts. In the ileum, the greatest number of GC both in villi and crypts was found in pigs fed the diet with the highest Thr level. 
Threonine dehydrogenase activity
Dietary treatments did not affect the weight of liver and pancreas (data not shown) and TDG activity (Table 6 ). Activity of the enzyme was higher in pancreas (0.33-0.41 μmol/min/g) compared with liver (0.18-0.24 μmol/min/g). 
DISCUSSION
In the present study it was shown that the lowest Thr level (6.46 g per kg diet) affected negatively both protein retention and intestinal structure. The applied low Thr level was higher than that used by Russel et al. (1986) for pigs weighing from 17 to 38 kg (6.0 g Thr per kg diet). The highest Thr level (9.32 g per kg) was much higher than that advised by NRC (1998) and GfE (2006) for piglets weighing from 10 to 20 kg.
In our study, Thr increase in a diet to 7.43 g per kg had positive effect on N balance, but did not affect significantly growth parameters of the pigs. Only, some tendency to lower ADG and higher F/G ratio was observed in pigs fed the lowest Thr diet compared with the other diets ( Table 2) . These results are in agreement with the studies of Hamard et al. (2007) and Law et al. (2007) who observed that growth of early weaned piglets was not affected by Thr deficiency when 70 and 17% of Thr requirement was covered in the respective studies. The lack of effect of Thr deficiency observed in these studies was probably due to a short time of feeding deficient diets (14 and 8 days, respectively), not sufficient to get differences in growth. On the contrary, results of several studies on weaning piglets (Adeola et al., 1994; Wang et al., 2007; Wang et al., 2010) , growing pigs (Le Floc'h et al., 1994) , and finishing pigs (Plitzner et al., 2007) showed that growth performance parameters were negatively affected by low Thr supply. Gatel and Fekete (1989) reported that maximal growth rate of pigs weighing from 10 to 25 kg pigs was obtained by feeding a diet containing 7.5 g Thr per kg, which was close to the second Thr level (7.43 g per kg) used in the present study. However, Conway et al. (1990) showed that 7.8 g Thr per kg diet was optimal for maximal growth of pigs from 17 to 50 kg. In Wang et al. (2007) study, maximal growth rate of piglets weighing from 5 to 10 kg was observed when feeding diet containing 8.4 g Thr per kg, which was close to the third Thr level (8.37 g per kg) used in the present study on hevier piglets.
In our study, increasing Thr level from 6.46 to 7.43 g per kg significantly increased daily N retention (g per day). Further increases in Thr level to 8.37 and 9.32 g per kg failed to increase N retention. Nutritional effects of the experimental diets were not limited by other factors as they were formulated to cover the piglet requirement for energy and AA (GfE, 2006) .
The level of Thr applied in our study : 6.46, 7.43, 8.37 and 9 .32 g per kg/ diet correspond to 0.48, 0.55, 0.62 and 0.69 threonine to lysine ratio, respectively. Recommended threonine to lysine ratio for young pigs is 0.60 (GfE, 2006) , which is close to the third Thr level used in the present study.
In this study, it was shown that dietary Thr level had no effect on length and weight of the small intestine, but provoked some changes in morphology. In particular, the Thr-deficient diet (containing about 87% of the AA as compared to the diet with the second Thr level) affected significantly villi length in the duodenum and decreased tunica mucosa thickness in all segments of the small intestine compared with other diets (Table 4 ). Other changes in intestinal morphology were not related to dietary Thr level. In our previous study on the older pigs (Święch et al., 2010) moderate Thr-deficiency had no effect on the weight of the small intestine and had a marginal effect on morphology in all segments of the intestine as it reduced crypt depth in the duodenum and mid-jejunum and reduced thickness of tunica mucosa in the duodenum and myenteron in the ileum. Using diets with greater Thr deficiency, Hamard et al. (2007) found that length and weight of the small intestine in early weaned piglets were not altered by Thr deficient diet (70% of Thr requirement), but villi length and villi/crypt ratio were reduced in the ileum. Law et al. (2007) showed that very low Thr supply (only 17% of Thr requirement) for eight days significantly decreased villi length and villi/crypt ratio in the mid-jejunum and ileum. The villi atrophy observed in the ileum was probably caused by lack of Thr. Schaart et al. (2005) showed that most of the dietary free Thr was incorporated into intestinal protein in the proximal part of the small intestine. Results of Wang et al. (2010) showed villi atrophy in the duodenum and ileum in piglets fed Thr-deficient (50% of requirement) and Threxcess (150 % of requirement) diets.
Mucin secretion is sensitive to dietary Thr supply (Bertolo et al., 1998; Wang et al., 2007) . In the present study, it was shown that goblet cell morphology was affected by dietary Thr level. However, the effect of Thr on GC number containing neutral and acidic mucins in villi and crypts in three segments of the small intestine was differentiated and is difficult for interpretation. Generally, feeding the Thr-deficient diet (6.46 g Thr per kg) reduced the number of GC in the small intestine compared with Thr supplemented diets (Table 5) . However, reduction of in villi GC containing neutral mucins and crypt GC containing acidic mucins were also observed after feeding the highest Thr level, but only in the mid-jejunum. In contrast, this diet affected positively the number of all types GC in the ileum. Results of studies of Law et al. (2007) and Wang et al. (2010) showed reduction in numbers of acidic mucin-producing GC in the duodenum and ileum in early weaned piglets fed both Thr-deficient and Thr-excess diets. On the contrary, number of mucin-containing GC in villi and crypts in the small intestine was not affected by Thr level in early weaned piglets (Hamard et al., 2007) . Similarly, in finishing pigs no effect of dietary Thr on GC number was observed (Plitzner et al., 2007) . Both, our and literature results concerning modification in the morphology of the small intestine are equivocal and cannot support an assumption that high Thr supplementation benefits mucosal health.
In the present study TDG activity in the liver and pancreas was not affected by dietary Thr level. These results are not in agreement with our previous study (Święch et al., 2010) , in which TDG in the liver and pancreas was three and two times higher, respectively, in pigs fed on Thr-adequate than on Thr-deficient diet. Different results were also obtained by Le Floc'h et al. (1995; 1996) , who found significantly lower TDG only in one tissue (pancreas or liver) in pig fed Thrdeficient diet compared with positive control diet.
CONCLUSIONS
It can be assumed that the level of threonine (Thr) amounting about 7.4 g Thr per kg covers the requirement of piglets from 10 to 25 kg for rapid growth and maximal N retention. Whether this level of Thr is optimal for intestinal health, it remains to be proved.
